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ABSTRACT: A combined experimental−theoretical study is performed to advance
our understanding of the dynamics of the prototypical tetra-atom, complex-forming
reaction OH + CO → H + CO2, which is also of great practical relevance in
combustion, Earth’s atmosphere, and, potentially, Mars’s atmosphere and interstellar
chemistry. New crossed molecular beam experiments with mass spectrometric
detection are analyzed together with the results from previous experiments and
compared with quasi-classical trajectory (QCT) calculations on a new, full-
dimensional potential energy surface (PES). Comparisons between experiment and
theory are carried out both in the center-of-mass and laboratory frames. Good
agreement is found between experiment and theory, both for product angular and
translational energy distributions, leading to the conclusion that the new PES is the
most accurate at present in elucidating the dynamics of this fundamental reaction. Yet,
small deviations between experiment and theory remain and are presumably
attributable to the QCT treatment of the scattering dynamics.

The dynamics of chemical reactions in the gas phase
provides a unique proving ground for understanding

chemical transformation via the breaking and forming of
chemical bonds.1 Insights from reaction dynamics studies have
helped to establish key concepts in chemical reaction theory.2−5

In recent years, the focus of chemical dynamics studies has
shifted beyond the simpler atom−diatom reactions,6,7 in pursuit
of a higher level of complexity.8−14 In this Letter, we report a
combined experimental−theoretical investigation of a proto-
typic diatom−diatom reaction dominated by a long-lived
intermediate.
The exothermic OH + CO → H + CO2 reaction (ΔH0

0 =
−24.0 kcal/mol, from NIST) is one of the most important
reactions in hydrocarbon combustion, serving as the last and
major heat-releasing step.15 It is also a major CO removal
pathway in Earth’s atmosphere.16 Furthermore, it may be
important in the atmospheric chemistry of Mars17 and of
relevance in interstellar chemistry.18 As a result, the kinetics of
this reaction has been extensively studied at various temper-
atures and pressures.19,20 At low temperatures, the reaction rate
weakly depends on temperature, suggesting that the quantum
tunneling effect does play a role in OH + CO → H + CO2

reaction.21 This reaction is also known to proceed via a reaction
intermediate (trans- and cis-HOCO), as evidenced by strong

pressure dependence of its rate.22 Very recently, the HOCO
intermediate has been spectroscopically identified in kinetic
experiments.23

The dynamics of this important reaction has been
investigated by several groups.24−26 While providing the most
detailed information on the dynamics, crossed molecular beam
(CMB) studies have been rare. In 1993, the Perugia group
reported the first measurement of the differential cross section
(DCS) for the reaction OH + CO → H + CO2 at the collision
energy, Ec, of 14.1 kcal/mol using the CMB technique with
mass-spectrometric (MS) detection and time-of-flight (TOF)
analysis.27 The results revealed a backward−forward CO2
product angular distribution with a slight bias for forward
scattering (with respect to the OH direction), confirming the
formation of the HOCO intermediate with a lifetime
comparable to its rotational period. The velocity distribution
indicated that the internal excitation of the CO2 product is
minor compared with the energy released into product
translational energy. The latest experiment from the same
group at Ec = 8.6 kcal/mol revealed similar behaviors.28 It is
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worth noting that in the 25 years that followed the first CMB-
MS study, no other experimental techniques in the field of
reaction dynamics proved to be suitable to tackle measurements
of reactive DCSs for this system. This is mainly due to the
relatively small reactive cross section, the low sensitivity of laser
spectroscopy methods for CO2 state-resolved detection, and
the difficulty of generating supersonic beams of OH (OD)
radicals without impurity of H(D) atoms, which have hampered
so far the application of the H*-atom Rydberg tagging method
as well as the H atom REMPI (resonance-enhanced multi-
photon ionization) ion-imaging technique.
Theoretically, this reaction has attracted much attention due

partly to the unique topography of the potential energy surface
(PES);29,30 see the Abstract graphic. The reaction path features
deep HOCO potential wells flanked by an entrance channel
bottleneck and near-isoenergetic exit barrier.31 Earlier dynam-
ical studies of this reaction32−51 were not quantitatively correct
as they suffered from poor representations of the reactive
PES.32,42 In 2012, a global PES for this reaction was developed
by fitting a large number of high-level ab initio points,52

providing a chemically accurate description of the reaction
pathway and thus a much better characterization of the kinetics
and reaction dynamics.52−54 In particular, the new PES
possesses a thin exit barrier, which permitted the quantum
mechanical confirmation55 of the experimentally observed deep
tunneling of cis-HOCO to the H + CO2 products.56,57

Subsequently (in 2013), a more accurate fit of the PES was
reported by Zhang and co-workers,58 which was further
improved (denoted as PES-2014 hereafter)59 using the
permutation invariant polynomial neural network (PIP-NN)
method.60 Since then, there have been several dynamical
studies on this PES.61−63 Interestingly, the calculated DCSs on
the PIP-NN PES did not agree with the experimental results
very well.59 The poor agreement was speculated to originate
from several possible sources, but none was confirmed.
In this Letter, we report a new CMB-MS experiment on the

18OH + CO reaction at Ec = 12.6 kcal/mol, complemented with
extensive quasi-classical trajectory (QCT) calculations on a new
PIP-NN PES. In the new experiment, the slightly different
kinematics, namely, making the OH beam slower and the CO
beam faster (by seeding CO in He), has allowed us to better
determine the falloff of the angular distribution at small angles
(forward direction), thus removing a source of uncertainty of
the previous experiments. The experimental data are analyzed
together with previous data at Ec = 14.5 kcal/mol to assess the
reliability of the new PES presented here. (The actual average
collision energy of the early experiment is not 14.1 kcal/mol, as
reported originally in ref 27. On the basis of the actual beam
velocities, the collision energy was recalculated to be 14.5 kcal/
mol, correcting the previous numerical error, and the slightly
refined best-fit reported in ref 51 has been obtained using the
latter Ec value. In ref 51, the experimental distributions were
compared with the QCT simulations carried out at Ec = 14.1
kcal/mol. The effect of changing the Ec from 14.1 to 14.5 is
however rather small. In the present work, the QCT
calculations have been performed at exactly the experimental
collision energy of 14.5 kcal/mol.) Good, although not perfect,
agreement between experiment and theory is reached, thus
advancing our understanding of this important reaction.
The experiments were carried out using a “universal” CMB

apparatus, which has been described elsewhere.64,65 Details of
the experiments are given in the Supporting Information (SI).
By crossing at 90° a seeded beam of 18OH (peak velocity of

2787 m/s), having a known rotational distribution, with a
seeded beam of CO (peak velocity of 1356 m/s), the resulting
collision energy is Ec = 12.6 kcal/mol. As in previous
experiments, the use of isotopically labeled 18OH permitted
us to detect CO2 at m/z = 46, for which the inherent detector
background is much lower than that at m/z = 44. With respect
to the kinematics of the previous experiment at Ec = 14.5 kcal/
mol (where the CM angle, ΘCM, was about 27°),51 in the
present work, because of the somewhat lower OH velocity and
larger CO velocity, the CM angle has moved to ΘCM = 36°, and
this has permitted us to measure the CO2 product angular
distribution, N(Θ), more accurately by observing clearly its
complete falloff to zero at both smaller and larger angles than
the CM angle.
Theoretically, we develop a new PES (denoted as PES-2018

hereafter) with the same data set as that used in PES-2014.59

Different from the segmented NN fits in PES-2014, PES-2018
is fit using one NN for all regions with PIPs up to second order,
resulting in 17 input variables. The two NN hidden layers are
chosen to have 50 and 80 neurons, resulting in 5061
parameters. Its root-mean-square errors for the train/
validation/test/total sets and maximum deviation are 5.2/6.4/
8.9/5.5 and 209.5 meV, respectively. Because the gradient of
the PES is obtained analytically, PES-2018 is about 5−10 times
faster than PES-2014. Using PES-2018, the cross sections were
computed using the QCT method implemented in VENUS66

as quantum DCS calculations are still beyond our capabilities
for this complex-forming reaction. Between 3 × 106 and 1 ×
107 trajectories were calculated at collisional energies of 7.0,
11.5, 13.0, 13.9, 14.5, 17.0, and 22.0 kcal/mol. Simulations of
the data at Ec = 12.6 kcal/mol have been done using the QCT
results obtained at Ec = 13.0 kcal/mol, which is considered a
very good approximation. Additional details are given in the SI.
Figure 1 depicts with solid dots the measured laboratory

(LAB) angular distribution of the CO2 (m/z = 46) product at
Ec = 12.6 kcal/mol (top two panels) and those obtained
previously27,51 at Ec = 14.5 kcal/mol (bottom two panels),
together with the best-fit curves and the QCT simulations (see
below). Error bars represent a ±1 standard deviation. The
QCT simulation at Ec = 14.5 kcal/mol was performed by taking
into account the contribution of the various populated OH
rotational levels, NOH, as described previously51 (see the SI for
details). Because OH rotational excitation had little effect, the
QCT calculations at the lower Ec were only done for NOH = 1.
Similarly, CO rotational excitation has little impact on the
results. As can be seen from Figure 1, the unfavorable
kinematics, resulting from detection of the (heavy) CO2
moiety, confines the CO2 reactive scattering to a relatively
narrow range of LAB angles, thus limiting the resolution of the
experiments.
Figure 2 shows the TOF spectrum recorded at a CM angle of

36° at Ec = 12.6 kcal/mol (top panel) and the corresponding
TOF spectra at selected angles at Ec = 14.5 kcal/mol (bottom
panel), with the best-fit (dashed line) and the QCT simulation
(solid line) (in the theoretical simulation at the higher Ec, the
contributions from the various 18OH rotational levels are also
included as for the product angular distribution of Figure 1).
The solid lines superimposed on the experimental points in

the first and third panels of Figure 1 and the dashed lines
superimposed on the TOF spectra of Figure 2 are the curves
calculated when using the best-fit CM functions of Figure 3. As
usual, quantitative information is extracted from the raw LAB
data by moving from the LAB coordinate system to the CM
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one and analyzing the product angular, T(θ), and translational
energy, P(E′T), distributions into which the CM product flux,
ICM(θ,E′T) = T(θ)P(E′T), can be factorized.27,28 The best-fit
CM functions are actually derived by a forward convolution fit
of the product LAB angular, N(Θ), and TOF, N(Θ,t),
distributions at m/z = 46 according to the relation NLAB(θ,v)
=ICM(θ,u)v/u

2, where v and u are product LAB and CM
velocities, respectively, and averaging over the experimental
conditions (beam velocity and angular spreads and detector
acceptance angle). During the experimental averaging of the
CM functions, also the energy dependence of the integral cross
section (ICS) was taken into account, as obtained from the
present QCT calculations on the new PES (see Figure 4 for the
reaction of OH(NOH = 1) and Figure S4 for the various OH
rotational levels). The assumption that the T(θ) and P(E′T)
functions are uncoupled (there was no need to couple them in
the fitting of the data) was verified in similar QCT calculations
using other PESs, as described in refs 51, 66, and is
corroborated by the present QCT calculations, which found
as well negligible angular dependence of the P(E′T)
distribution.
The best-fit CO2 T(θ) and product P(E′T) distributions are

shown on the left-hand side and right-hand side, respectively of

the top (Ec = 12.6 kcal/mol) and bottom (Ec = 14.5 kcal/mol)
panels of Figure 3 as red continuous lines, with the error
bounds of their determination indicated with shaded areas. In
the same graphs, the theoretical QCT results are also shown for
four selected rotational levels of OH (see below).
As can be seen from Figure 3, the best-fit CM angular

distribution at Ec = 12.6 kcal/mol is distributed all over the 0−
180° CM angular range but with more intensity in the forward
direction (with respect to the incoming OH reactant direction,
θ = 0°) than in the backward one. The T(θ = 180°)/T(θ = 0°)
intensity ratio is 0.76/1.00, which is in line with the previous
determination51 at the higher Ec of 14.5 kcal/mol, for which
T(θ = 180°)/T(θ = 0°) = 0.63/1.00. The higher T(θ)
anisotropy at the higher Ec can be interpreted in terms of the
“osculating model” of chemical reactions,67 which allows us to
make an approximate estimate of the average lifetime, τ, of the
HOCO complex intermediate (see the SI). A lower limit to the
complex lifetime is calculated to be 0.5 and 0.8 ps for the higher
and lower Ec experiments, respectively. The corresponding
values obtained directly from the present QCT calculations are
0.98 and 1.45 ps, respectively.
The average fraction of energy released as product

translational energy, f T, was experimentally found to be quite
high (0.60 and 0.64 for the lower and higher Ec experiments,
respectively). The experimental average product translational
energy, ⟨ET⟩, is 22.3 kcal/mol at Ec = 12.6 and 25.0 kcal/mol at
Ec = 14.5 kcal/mol. These values are very close to the value of
the barrier height (with respect to the product asymptote) of
about 25 kcal/mol in the exit channel of the reaction. The post-
transition-state PES is quite repulsive, consistent with the
dominant energy release into the product recoil.
The QCT T(θ), reported in the top panel of Figure 3 as a

black line (Ec = 12.6 kcal/mol), also shows a forward−
backward anisotropy, similar to the experimental one; however,
the overall shape differs somewhat from the experimental curve,
exhibiting a slightly higher intensity in the sideways direction,
although almost within the error bounds of the experimental
determination. In particular, at the higher Ec (lower four
panels), the anisotropy from QCT for the indicated NOH is at
the upper limit of the experimental error bounds. The lower
QCT anisotropy and the more pronounced sideways scattering
with respect to the best-fit T(θ) are responsible for the
resulting deviation of the simulated curve in the LAB frame
with respect to experiment and the best-fit curve (see Figure 1).
As far as the product translational energy distribution is

concerned, we notice in Figure 3 that the QCT P(E′T) is
somewhat colder than the experimental one, especially at the
higher Ec for all NOH. Specifically, at the lower and higher Ec,
the average product translational energy from the QCT
calculations is 21.36 and 22.05 kcal/mol, which are about 5
and 12%, respectively, lower than the experimental determi-
nations. These deviations, at least in part, are responsible of the
slightly narrower QCT N(Θ) distribution with respect to
experiment, noticeable at both the lower Ec (see Figure 1,
second panel from top) and higher Ec (see Figure 1, bottom
panel).
Part of the reason for the deviation between experiment and

theory could be due to the effect of the rotational energy (see
Figure S6). However, although NOH = 10 could contribute for
more than 2 kcal/mol to the total available energy, its
population is estimated to be a few percent in the OH reactant
beam, with most of the population residing in the lowest few
rotational levels (see Table S1 in the SI). The effect of OH

Figure 1. Solid dots: CO2 (m/z = 46) product angular distribution
from the 18OH + CO reaction at Ec = 12.6 kcal/mol (top two panels)
and Ec = 14.5 kcal/mol (bottom two panels) [(a) expt. from refs 27
and 51]. Solid lines: Best-fit curves (first and third panels from top);
simulation using the product CM angular and translational energy
distributions obtained from the present QCT calculations on PES-
2018 (second and fourth panels). For Ec = 14.5 kcal/mol in the QCT
simulations, the relative contributions from the main populated
rotational states of the 18OH reactant are also indicated (see text).
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rotational excitation using the new PES was explored only at
the higher Ec = 14.5 kcal/mol. Interestingly, it turned out to be
modest, as already inferred from previous simulations at this Ec
using other PESs for the OH + CO reaction51 (see the SI for
details).
As previously noted,51 because of the uncertainties associated

with the derivation of the experimental best-fit CM functions
from the measured raw data, a more straightforward
comparison can be performed by transforming the theoretical
CM functions into the LAB distributions, so that a direct
comparison with the raw LAB data can be obtained and
uncertainties associated with the derivation of the best-fit
functions avoided. Such a transformation has to be carried out
by taking into account the experimental conditions (crossing
angle, beam velocities) and averaging over the experimental
parameters (beam velocity distributions, angular divergences,
detector aperture). The QCT simulated LAB angular
distributions (with the different, weighted OH rotational
contributions indicated) versus the experimental data are
shown in the bottom panel of Figure 1 (at Ec = 14.5 kcal/
mol). The corresponding TOF spectra simulated by the QCT
calculations are shown in Figure 2. The state of comparison
between experiment and QCT predictions is nearly indis-
tinguishable (for the experiment at Ec = 14.5 kcal/mol)
between the case in which the separate, weighted contributions

of all NOH levels are considered and the case where only NOH =
1 was considered. There is only a little improvement (not
shown) on the reproduction of the wings of the angular
distribution, which is due to the fact that the P(E′T)s of high
NOH levels have a tail and a peak slightly displaced toward a
higher value of Ec. We remind that LAB angular and TOF
distributions are mostly affected by the rise of the P(E′T)s and
their peak positions, with little sensitivity to the tails. In fact, at
the Ec of 14.5 kcal/mol, the discrepancy between the QCT
angular distribution and experiment (see Figure 1, bottom
panel) (different forward and backward peak heights)
essentially did not vary by considering also the high NOH

contributions, especially because the ICS weight decreases with
the increase of NOH (see Table S1 in the SI). Noticeably, also
the TOF distributions (at the higher Ec) show some difference
between experiment and theory, but because of the finite signal-
to-noise, it is difficult to draw any quantitative conclusion
(although the QCT TOF curves appear to perform slightly
better than the best-fit ones at some angles).
A more likely reason for the deviation between the

experimental and QCT P(E′T) distributions, and perhaps also
T(θ) distributions (see, for instance, ref 68) (Figure 3), could
presumably be ascribed to the neglect of quantum effects, such
as tunneling, zero-point energy, and resonances in the QCT
approach. Tunneling is known to play an important role in this

Figure 2. Open circles: Product TOF distribution of the CO2 product at a CM angle of 36° for Ec = 12.6 kcal/mol and at selected LAB angles for Ec
= 14.5 kcal/mol. [(a) expt. from refs 27 and 51]. Dashed line: Best-fit. Solid line: Simulation using the present QCT results on PES-2018 (see text).
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reaction, as evidenced by near-constant rate coefficients at low
temperatures.21 Quantum mechanical treatments of the
tunneling dynamics have revealed the significance of this
quantum effect in kinetics and dynamics.55,62,69,70 In addition,
zero-point leakage is a well-known problem in QCT. Finally,
resonances in this reaction are also quite pronounced, as
demonstrated by recent quantum scattering calculations.54,63

In summary, a new joint experimental−theoretical study for
the title reaction is reported. The newly measured DCS shows
scattering in both the forward and backward directions, with a
slight forward bias, confirming the anisotropy observed in

previous CMB experiments. The product angular and velocity
distributions measured here and in a previous work are
satisfactorily reproduced by QCT on a new globally accurate
PES. The improved agreement between theory and experiment
indicates a more in-depth understanding of the dynamics of this
prototypical reaction. The remaining differences are attributed
to the lack of quantum effects in the QCT treatment. Further
improvements in the elucidation of the OH + CO reaction
dynamics can be expected from quantum scattering calculations
of the dynamics as well as from higher-resolution and/or state-
resolved CMB experiments, when these become available.

Figure 3. Best-fit CM CO2 angular distributions (lhs panels) and product translational energy distributions (rhs panels) for the
18OH + CO reaction

at Ec = 12.6 kcal/mol (top panel) and Ec = 14.5 kcal/mol (bottom panels). Red: Best-fit functions, with shaded areas delimiting the error bound of
the determination. Black lines: T(θ) and P(E′T) distributions from the QCT calculations for only NOH = 1 at Ec = 12.6 kcal/mol and for four
exemplary values (indicated) of NOH at Ec = 14.5 kcal/mol (see text).
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